We explore the phenomenology for a new neutral gauge boson which is emerged from a topologically nontrivial structure of the spacetime, focusing on its couplings to the fermions of the Standard Model. We analyze the current experimental constraints on the mass and gauge coupling of the new gauge boson, using the LEP bound and 13 TeV LHC data. In addition, we consider the future discovery prospect of the new gauge boson at the LHC with the highly integrated luminosity. Furthermore, we investigate the indirect search of the new gauge boson and its discrimination from other hypothetical gauge bosons like those that are predicted in the U (1) B−L and U (1) R models by considering forward-backward, left-right, and left-right-forward-backward asymmetries.
mechanism. There, the Majorana masses of the right-handed neutrinos are related to the scale of the additional U (1) gauge symmetry breaking.
However, a question which we may ask ourselves is whether the additional U (1) gauge symmetry or the new Abelian gauge force may be emerged from a nontrivial structure of the spacetime. This question is motivated by the fact that the gravitational interaction arises from the nontrivial geometry of the spacetime. In recent works [45, 46] , we indicated the emergence of a new U (1) X gauge symmetry in the effective four-dimensional spacetime from the more fundamental five-dimensional spacetime which has a structure as follows: in gereral, the five-dimensional spacetime is only a local product of R 3,1 and U (1) rather than a global product. Due to the topological nontriviality of this structure of the spacetime, a gauge field arises and transforms under the general coordinate change in the conventional Abelian gauge transformation. By considering the fields, which propagate dynamically in the five-dimensional spacetime and respect for the SM gauge symmetry, we obtained an emergent U (1) X extension of the SM in the effective four-dimensional spacetime, where the light neutrino masses is an unavoidable consequence of the structure of the spacetime. This scenario can solve two important issues of traditional Kaluza-Klein theories [47, 48] (also see Refs. [49, 50] for reviews): i) the right-handed and left-handed Weyl spinor fields as the representations of the Lorentz group SO(3, 1) can be fundamentally defined in the five-dimensional spacetime due to the separation of the tangent (and cotangent) spaces of the five-dimensional spacetime into the horizontal and vertical subspaces without reference to the local coordinate system; ii) the SM fields carry non-zero charges under the emergent U (1) X gauge symmetry.
There are the differences between the emergent U (1) X extension of the SM [45, 46] and the usual U (1) extension of the SM. The first difference comes from the gauge charge assignment of the fields under the emergent U (1) X at which the right-handed neutrinos which are the zero modes do not carry charges under the emergent U (1) X . The second difference is that the gauge coupling corresponding to the emergent U (1) X is completely determined by the difference between the mass of the zero mode and that of the corresponding KK excitation. The third difference is that there are the unusual couplings of the new gauge boson to the KK excitations which have non-zero charges under the emergent U (1) X .
The present work is organized as follows. In section II, we review briefly the emergent U (1) X extension of the SM. In section III, we investigate the phenomenology of the new gauge boson at colliders. We obtain the excluded parameter region using the LEP bound and current LHC limits on the production of new gauge boson. We investigate the future discovery prospect of the new gauge boson at the LHC with its decay modes into dileptons. In addition, we consider the indirect search of the new gauge boson and its discrimination from other hypothetical neutral gauge bosons by studying forward-backward, left-right, and left-right-forward-backward asymmetries. Finally, we conclude this work in section IV. Note that, in the current work, we use units in = c = 1 and the signature of the metric as (+, −, −, −, · · · , −).
In this section, we review briefly the emergent U (1) X extension of the SM arising from the topologically nontrivial structure of the spacetime. For the details of this proposal, the readers see in Ref. [45] .
A. Description of spacetime
The spacetime at more fundamental level is assumed to be a five-dimensional fiber bundle M 5 , which is generally nontrivial, whose base manifold and fiber are R 3,1 and the Lie group manifold U (1), respectively. [Note that, in the case of that the fiber bundle spacetime M 5 is trivial, M 5 would be a global product of R 3,1 and U (1).] In this sense, a local region of the spacetime M 5 looks like a product V i × U (1) where V i is a local region of R 3,1 [51] . Since the local coordinates for a point in the spacetime M 5 are given by, (x µ , e iθ ), where {x µ } ∈ R 3,1 and e iθ ∈ U (1) with θ to be dimensionless real parameter. The general coordinate transformation, which corresponds to the transition from one local coordinate system to another, is given by
Let us present some important properties of the spacetime M 5 . The tangent space T p M 5 at a point p ∈ M 5 is always decomposed into a direct sum of two subspaces without reference to the local coordinate system as [51] T
where H p M 5 and V p M 5 are four-dimensional horizontal tangent subspace and one-dimensional vertical subspace, respectively. The subspaces H p M 5 and V p M 5 are spanned by the covariant bases respectively given by
where X µ transforms under the general coordinate transformation (1) as
and g X is the gauge coupling. Note that, the gauge field X µ would disappear in the case of that the fiber bundle spacetime M 5 is trivial which means that M 5 is globally a direct product
. Similarly, the cotangent space T * p M 5 which is dual to T p M 5 is always decomposed into a direct sum of two subspaces without reference to the local coordinate system as
where H * p M 5 and V * p M 5 are dual to H p M 5 and V p M 5 , respectively. The dual subspaces H * p M 5 and V * p M 5 are spanned by the covariant bases {dx µ } and {dθ + g X X µ dx µ }, respectively. With these natural decompositions, an inner product G on the spacetime M 5 is defined as
where V 1H (V 2H ) and V 1V (V 2V ) are the horizon and vertical components of the vector V 1 (V 2 ), respectively, the horizontal metric G H is a tensor field belonging the space H * p M 5 ⊗ H * p M 5 and given by
and the vertical metric G V is a tensor field belonging the space V * p M 5 ⊗ V * p M 5 and given by
with the field T (x, e iθ ) relating to the geometric size of the fiber and Λ to be a constant of the energy dimension. For simplicity, the theory is considered at the vacuum T (x, e iθ ) = T 0 and thus the geometric size of the fiber is fixed by the radius R ≡ T 0 /Λ. One immediately check that the following coordinate change
with Λ µ ν ∈ SO(3, 1) leaves invariant the spacetime metric. Therefore, it is possible to define the usual right-handed and left-handed Weyl spinor fields in the fiber bundle spacetime M 5 , which does not happen to a general manifold.
Let us consider the fermion fields propagating in the fiber bundle spacetime M 5 and respecting for the SM gauge symmetry. The fermion content is given by
where the numbers given in parentheses refer to the gauge charge assigment under the SM gauge symmetry. We can see that, except the right-handed neutrinos N aR , all bulk fields {L a , E a , Q a , D a , U a } carry the corresponding numbers {X L , X E , X Q , X D , X U } which characterize the U (1) active action on these fields. As indicated in Ref. [45] , this is because the vertical "kinetic" term of these fields is forbidden by the SM gauge symmetry. And, thus the θ-dependence of these fields is not determined unless they are invariant under the U (1) active action. In addition, as seen later, the fields {L a (x), e aR (x), Q a (x), d aR (x), u aR (x)} are identified as the SM fermion fields. Under the general coordinate transformation (1), we have F (x , e iθ ) = F (x, e iθ ), with F referring to the bulk fields {L a , E a , Q a , D a , U a }, which suggests the following transformation
where f (x) refers to {L a (x), E a (x), Q a (x), D a (x), U a (x)}. The transformation (11) is nothing but the U (1) X local gauge transformation for the matter fields.
From (10), one can see that the transforming parameters of the SM gauge symmetry are completely independent on the fiber coordinate θ. This thus leads to the simplest form for the gauge fields of the SM gauge symmetry as
where their vertical component is zero.
Let us write bulk action for the gauge bosons and fermions (with the gauge fixing and ghost terms dropped) as
where
are the field strength tensors (up to a normalized factor) corresponding to the gauge groups SU (3) C ,
Pl , M Na are the vertical "mass" parameters of the right-handed neutrinos N aR , and the covariant derivativeD µ
with {g s , g, g } to be the gauge couplings corresponding to
Then, one can find the effective four-dimensional action as
where the covariant derivative D µ is given by
ν aR (x) are identified as the usual right-handed neutrinos and {ψ naR , χ naR } are their Kaluza-Klein (KK) excitations whose masses are given by
and X µν = ∂ µ X ν − ∂ ν X µ is the field strength tensor of X µ , Note that, for a convenient reason we have replaced Y F and X F by Y f and X f , respectively.
From the effective action (16) , we see that a gauge symmetry U (1) X is emerged in the effective four-dimensional spacetime arising from the more fundamental five-dimensional spacetime, where the charges of the SM fermions under U (1) X are the quantum numbers characterizing the U (1) active action on them. The gauge coupling g X is determined in terms of the radius R of the fiber and the four-dimensional Planck scale M Pl as
The relation (19) Table I .
Note that, without loss of generality we set x given in Table I to be 1 in this work. Also, the readers see the scalar sector and Yukawa couplings, which are not relevant to our discussion in this work, in Ref. [45] . 
III. X GAUGE BOSON AT COLLIDERS
In this section, we study the phenomenology of the X gauge boson at colliders, focusing on its couplings to the SM fermions.
A. Constraint from LEP data
The X gauge boson would contribute to the scattering process e + e − → f + f − and thus should lead to the deviations from the SM prediction in this scattering process. Contact interactions between electron and fermions (charged leptons or quarks) can be parametrised by the following effective Lagrangian
where δ ef = 1(0) for f = e (f = e), and η ij = X e,i X f,j . The LEP data given in Ref. [52] imposes the constraint on the ratio of M X to g X as
Note that, the universality in the couplings of the X gauge boson to the charged leptons has been used and the U (1) X charges of the charged leptons are to correspond to model V V + in Ref. [52] .
B. Drell-Yan process
The production and decays of the X gauge boson at the LHC is through the most promising channel, namely the Drell-Yan process pp → γ, Z, X → l + l − (l = e, µ). The cross-section distribution for this process can be written, with no cut on the lepton pair rapidity, as
where √ŝ is the invariant mass of the dilepton system, i, j = (γ, Z, X), P ij are functions of the mass and total width of the gauge bosons involved in the process given by [53] 
and Lis the parton luminosities defined by
with √ s to be a fixed collider center-of-mass energy and f q(q) (x,ŝ) to be the parton distribution function (PDFs) of the quark q (antiquarkq) evaluated at the scaleŝ [54] . The total cross section for this process is obtained by, s 0 dŝ dσ dŝ . Let us obtain the constraint on the mass and the gauge coupling of the X gauge boson from the negative signal for the dilepton resonances at the LHC. In order to do this, we compare the cross-section for the subprocess pp → X → l + l − and the 95% confidence level (CL) upper limits on σ × BR of new neutral gauge boson (which have been produced under the assumption of a narrow neutral gauge boson resonance) using 36.1 fb −1 of proton-proton collision data at √ s = 13
TeV by the ATLAS experiment [55] . Hence, first we write the cross-section for the subprocess (22) after subtracting the SM background and the interference effects between the X gauge boson and the SM neutral gauge bosons, in the narrow width approximation as
where Br(X → l + l − ) is the branching ratio of the X gauge boson decay into the given leptonantilepton pair l + l − given by [45] Br Note that, for the tree-level decays into the two-body final states, in our scenario the X gauge boson decay into the SM fermion pairs only [45] , which means that the total decay width of the X gauge boson is given as Γ
with N C (f ) being the color number of the fermion f . In Fig. 1 , we show the cross-section of pp → X → l + l − and the upper limits on the cross-section of this process at 95% CL using 36.1 fb −1 of proton-proton collision data at √ s = 13 TeV by the ATLAS experiment [55] . The red, blue, and purple curves show our prediction for σ(pp → X → l + l − ) for several values of the gauge coupling g X . We can see that, corresponding to g X = 0.0075, 0.015, and 0.075, the lower bounds on the mass of the X gauge boson are about 1.6, 2.3, and 3.8 TeV, respectively.
Furthermore, we combine the LEP and current LHC bounds to obtain the excluded region in the M X − g X plane, given in Fig. 2 . The region above the dashed black curve is excluded by the LEP bound given by Eq. (21) . Whereas, the region above the solid black curve is excluded by the current LHC limits on the production of new neutral gauge boson. According to this figure, the direct search of new neutral gauge boson at the LHC imposes the most stringent bound on the relation between M X and g X . Now, we study the future discovery prospect of the X gauge boson. A narrow resonance search of the X gauge boson is performed through a scan over the invariant mass distribution in the center of mass frame of the dilepton final-state system. In Fig. 3 , we show the invariant mass (purple curve). The statistical significance of the X gauge boson signal, which is identified as the difference between the cross-section of the process pp → γ, Z, X → l + l − and that corresponding to the SM background pp → γ, Z → l + l − , is given in the Gaussian statistics as [56] 
where S and B are given in terms of the number of signal and background events, respectively.
In Fig. 4 , we plot the statistical significance of the X gauge boson signal as a function of the invariant mass of lepton pair at available and highly integrated luminosities. The top panel shows the current LHC reach with assuming 36 fb −1 of integrated luminosity. It suggests that the statistical significance of the X gauge boson signal for three cases mentioned above is below 2 (above which the signal could manifest itself over the SM background) in the entire mass range and thus these cases should be allowed by current data. The middle and bottom panels show the future LHC reaches. We see that a 5σ discovery of the X gauge boson with M X = 3000 GeV and g X = 0.034 can be accessed at integrated luminosity about 260 fb −1 . Whereas, to reach a 5σ discovery of the X gauge boson with M X = 3500(4000) GeV and g X = 0.056(0.1) requires integrated luminosity about 300 fb −1 .
C. X boson search through asymmetries
Asymmetries are of the important observables for the indirect search of the heavy gauge bosons beyond the SM. In addition, they are useful tools to discriminate to which model the heavy gauge boson belongs to. In this subsection, we use various asymmetries to investigate the potential of probing for the signal of the X gauge boson. The asymmetries which are considered in this work are forward-backward (FB) asymmetry which is asymmetric in polar angle, left-right asymmetry which is asymmetric between the purely left-handed and right-handed polarizations of the initialstate particle beams, and left-right-forward-backward (LRFB) asymmetry which is a combined asymmetry.
Forward-backward asymmetry
At the ILC, the final state µ + µ − is the most sensitive mode, since we focus on the following process e − (k 1 , where σ i = ±1 and k i are the helicities and the 4-momentum of the leptons, respectively. The helicity amplitudes of this process coming from the s-channel γ, Z, and X exchanges are given by
where θ refers to the scattering polar angle,
is the fine-structure constant.
One defines the differential cross-section for purely-polarized initial state with the helicity of the final states summed up as
Then, with introducing the longitudinal polarization of the electron and positron beams, we define the partially-polarized differential cross-section as dσ(P e − , P e + ) d cos θ = σ 1 ,σ 2
where P e − and P e + (−1 ≤ P e ± ≤ 1) are the polarization degrees of the electron and positron beams, respectively, which the electron (positron) beams are purely right-handed polarized when P e − = 1 (P e + = 1). Using the realistic values at the ILC [57] , we define the polarized differential cross-sections as
The forward-backward asymmetry associated with the polarized cross-section σ L (σ R ) is determined by the following quantity
with i referring to L or R, to be the efficiency of observing the events which is equal to one for electron and muon final states, c max = 0.95 for the muon final state [58] . We estimate the sensitivity to the contribution of the X gauge boson to FB asymmetry of the process e + e − → µ + µ − by the following quantity ∆A L(R) given by [59, 60] δA L(R)
We require ∆A L(R) F B > 2σ for which the signal of the X gauge boson could manifest itself over the SM background.
In Fig. 5 , we show the sensitivity to the contribution of the X gauge boson in FB asymmetry of the process e + e − → µ + µ − as a function of M X /g X , for the polarized cross-sections σ R,L and various integrated luminosities, at the center of mass energy √ s = 500 GeV. Furthermore, we have included the predictions of FB asymmetry from the U(1) B−L model [11, 12] and the U(1) R model [41] for comparison. From this figure, we find that the regions M X /g X 12.58 (15.16) TeV and M X /g X 38.75(46.1) TeV can give more 2σ sensitivity to the contribution of the X gauge boson in FB asymmetry of the final-state mode µ + µ − for the polarized cross-sections σ R and σ L , respectively, at integrated luminosity L = 2500(5000) fb −1 . However, with the mass of the X gauge boson below 5 TeV, the more 2σ sensitive region for the polarized cross-section σ R should almost be excluded by the current LHC limits on the production of new gauge boson, as indicated in Fig. 6 . Only the polarized cross-section σ L can contain the allowed parameter region giving more 2σ sensitivity after combining the current LHC limits.
It is remarkable that, by comparing the difference of ∆A F B between the polarized cross-sections 
Left-right asymmetry
Now we analyze left-right asymmetry of the process e + e − → µ + µ − which is defined by the following quantity
where N L and N R are the numbers of the events corresponding to the purely right-handed and right-handed polarized initial-state electron beams, respectively, which are given by
with dσ(P e − , P e + )/d cos θ to be given in Eq. (32) . Then, we define the deviation of left-right asymmetry from the SM prediction with respect to the process e + e − → µ + µ − by the following quantity 
In Fig. 7, we LHC limits on the production of new gauge boson, we can find the allowed parameter regions in the M X − g X plane which can give to the > 2σ, ≥ 4σ, and ≥ 5σ confidence levels in probing for the signal of the X gauge boson, showed in Fig. 8 . From this figure, we find that the allowed parameter region of the > 2σ sensitivity with respect to left-right asymmetry is larger than that of FB asymmetry. Also, it includes the relatively significant allowed parameter regions which can achieve a discovery of ≥ 5σ statistical significance.
Mixed left-right-forward-backward asymmetry
Finally, we study LRFB asymmetry of the process e + e − → µ + µ − which is defined by the following quantity where
Similarly, we show the deviation of LRFB asymmetry form the SM prediction for the process e + e − → µ + µ − in our model and the U(1) B−L , and U(1) R models in Fig. 9 . From this figure, we see that the qualitative behavior of LRFB asymmetry is similar to the behavior of left-right asymmetry. But, only upper values for M X /g X corresponding to the 2σ, 4σ, and 5σ confidence levels are smaller than those of left-right asymmetry.
IV. CONCLUSION
An additional U (1) gauge symmetry corresponding to a new neutral gauge boson provides a minimal extension of the Standard Model (SM) and it is an active area at the LHC and future colliders such as the International Linear Collider (ILC). In traditional way, the additional U (1) gauge symmetry is introduced through extending the SU (3) C × SU (2) L × U (1) Y gauge symmetry of the SM. However, the additional U (1) gauge symmetry may be emerged in the effective four-dimensional spacetime from the more fundamental five-dimensional spacetime which has a topologically nontrivial structure, as proposed in our recent works [45, 46] . On the other hand, such an additional U (1) gauge symmetry is actually not fundamental but emergent.
After reviewing briefly the emergent U (1) extension of SM, we have studied the phenomenology of the corresponding neutral gauge boson at colliders, focusing on its couplings to the SM fermions.
By using the LEP bound and 13 TeV LHC data with integrated luminosity of 36.1 fb −1 , we have imposed the constraints on the mass and gauge coupling of the new gauge boson at which the current LHC data leads to the most stringent constraint. We have discussed the future discovery prospect of the new gauge boson in standard Drell-Yan searches of the electron and muon finalstates at the LHC. The values of the mass and gauge coupling for the new gauge boson, which are below the current sensitivity of the LHC, can be accessed by the end of Run 2. In addition, we
